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Survey of ex situ fruit and leaf volatiles
from several Pistacia cultivars grown
in California®

James N Roitman,* Glory B Merrill* and John J Beck*

Abstract

BACKGROUND: California is the second largest cultivator of pistachios, producing over 375 million pounds and a revenue of
$787 million in 2009. Despite the agricultural and economic importance of pistachios, little is known regarding their actual
volatile emissions, which are of interest owing to their potential roles as semiochemicals to insect pests.

RESULTS: The ex situ volatile analysis of leaves from Pistacia atlantica, P. chinensis, P. lentiscus, P. palaestina, P. terebinthus,
P. vera and P. weimannifolia demonstrated emission differences between species as well as between female and male leaves.
Leaves from the female P. vera cultivars Bronte, Damghan, II, lll, Kerman and Ohadi as well as fruits of P. atlantica, P. chinensis,
P. lentiscus, P. palaestina, P. terebinthus and P. vera (cultivars Il, lll, Kaleh, Kerman, Momtaz and Ohadi) showed differences in the
composition and relative quantity of major volatiles. The compounds in highest relative quantities from the various analyses
were sabinene, A3-carene, f-myrcene, a-phellandrene, limonene, (Z)-ocimene, (E)-8-ocimene and a-terpinolene.

CONCLUSION: This is the first ex situ survey of fruit and leaf volatile emissions from California-grown Pistacia species and
a number of corresponding cultivars. The study provides an overview of the major and minor volatile emissions and also
offers evidence of chemotypes based on monoterpenes. The results highlight the dissimilarity of major components detected

between ex situ volatile collection and essential oil analysis.
Published 2011 by John Wiley & Sons, Ltd.
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INTRODUCTION

Trees of the genus Pistacia (Anacardiaceae), commonly known as
pistachio, are an important agricultural commodity of California,
which produced over 375 million pounds in 2009 with associated
revenues of $787 million.! California pistachio crops primarily
comprise the P. vera L. single female cultivar Kerman and the
male pollinator ‘Peters’, which together produce more than 90%
of the US supply of pistachios. Researchers have recently reported
investigations into expanding the number of cultivars for use by
the pistachio industry for production and marketing reasons.?
Additionally, dependence on a single cultivar for crop production
has raised concerns regarding crop vulnerability to insect pests
and diseases.

Because of the dependence on a single pistachio cultivar
in California, little is known regarding the volatile emissions
of other Pistacia species and their related cultivars. Iran is the
major cultivator of pistachios in the world, producing more than
500 million pounds in 2008;* thus the majority of research on the
chemical composition of Pistacia species has been performed on
plants in central/western Asia, the origin of P. vera, as well as
neighbouring countries. Most of these reports are on the essential
oil (EO) content and not the actual volatile emission patterns.”>-8
Furthermore, geographical differences are known to influence
the quantity and composition of secondary metabolites, so these
reports may not directly translate to California-grown pistachios.’

Pistaciavera cv. Kerman has been identified as a major emitter of
monoterpenes in California’s Central Valley,'® and EOs have been
found to correlate with monoterpene emissions.!’ A recent study
of California ‘Kerman’ EO composition and quantity did show a
correlation between EO content and collected in situ monoterpene
emission, though it did not compare relative quantities of similar
volatiles.'?

The collection, identification and implementation of volatiles
from agricultural crops for use as semiochemicals are priorities
of the tree nut industry. Insect pests have been shown to use
cues from plant-derived monoterpenes, sesquiterpenes and green
leaf volatiles (GLVs).'> These chemical cues, semiochemicals, can
modulate insect behaviours such as attraction, acceptance or
rejection of a plant part for feeding, ovipositional activity and/or
larval development. Recently, volatiles collected from almonds
have been investigated as semiochemicals of Amyelois transitella
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(Lepidoptera: Pyralidae), commonly known as navel orangeworm
(NOW), an insect pest to pistachio and almond orchards.'*">

As part of our ongoing research efforts to identify plant-derived
semiochemicals for insect pests of the California tree nut industry,
the ex situ volatile emission of leaves and fruits from several
Pistacia species grown at the USDA National Clonal Germplasm
Repository (Davis, CA, USA) was investigated. The results of the
investigation enabled comparison of the major and minor volatile
output of Pistacia within and among species. While the qualitative
compositions of the present ex situ volatile study and reported
EO analyses were highly corroborative, the relative quantities,
particularly among the major amounts detected, displayed a large
degree of disparity. Finally, the major components of the seven
Pistacia species and the eight varieties provide insight into the
chemotaxonomy of Pistacia and highlight the need for further
investigation into this area of research.

MATERIALS AND METHODS

Plant material

Samples were collected between June and August 2003 from
the orchards of the USDA National Clonal Germplasm Repository
for Fruit and Nut Crops (Winters, CA, USA). For leaves, branches
approximately 3-4 feet in length were removed from the trees
and immediately placed in water. For fruits, clusters were removed
and placed in paper bags. Intact fruits and leaves were removed,
segregated and placed in collection chambers. Volatile collections
were performed within 1 day of sample acquisitions.

Volatile collection

Volatile analyses were performed similarly to previously reported
methods.'® Briefly, 800 g samples of plant material were placed
in 12L round-bottomed flasks, which were then sealed with
aluminium caps fitted with inlets for air flow and Teflon gaskets.
Purified air was passed through the samples at 1L min~" and
volatiles were collected onto Tenax (10 g) for 18 h. The volatiles
were desorbed using freshly distilled diethyl ether (40 mL), then
concentrated to a volume of ca 1 mL using a warm water bath and
a Vigreux distillation column.

Gas chromatography/mass spectrometry (GC/MS) analysis

of collected volatiles

Separation and identification of the collected volatiles were
achieved via standard methods typically utilised by this
laboratory.’'* Instrumentation was as follows: a J&W Scientific
(Folsom, CA, USA) DB-Wax column (60 m x 0.32 mmi.d. x 0.25 um)
or a J&W Scientific DB-1 column (60 m x 0.32 mm i.d. x 0.25 um)
installed on one of two HP-6890 gas chromatographs (GC) coupled
to HP-5973 mass-selective detectors (MS) (Hewlett Packard, Palo
Alto, CA, USA). Desorbed volatiles were analysed with the follow-
ing methods. For DB-Wax: injector temperature, 200 °C; split mode
(10:1), split flow, 19.8 mL min~'; inlet temperature, 200 °C; con-
stant flow, 3 mL min~'; oven settings, initial temperature, 40 °C;
hold time, 0 min; ramp one, 4°C min~'; final temperature, 200 °C;
hold time, 40 min. For DB-1: injector temperature, 200 °C; split
mode (10: 1), split flow, 19.8 mL min~'; inlet temperature, 200 °C;
constant flow, 2mLmin~"; oven settings, initial temperature,
40°C; hold time, 0 min; ramp one, 4°C min~'; final temperature,
250°C; hold time, 30 min. Mass-selective detector parameters:
source temperature, 230 °C; MS source temperature, 150 °C; elec-
tron ionisation mode, 70 eV; solvent delay, 1 min; scan group 1,

40-300 amu; scan group 2 at 20 min, 40-450 amu. NIST, Wiley
and internally generated databases were used for fragmentation
pattern identification. Retention indices (RIs) were calculated us-
ing a homologous series of n-alkanes on the DB-Wax and DB-1
columns. Unless noted otherwise, each experiment was performed
in duplicate.

Calculated Rls were used for compound identification and
comparison of DB-1 and DB-Wax column results. The relative
abundances (peak areas) were noted and the inclusion of a volatile
in Tables 1-4 was based on its presence in both GC analyses as
well as it having a minimum peak area of 0.5% of the largest
volatile organic compound peak present in each run. The averages
of the relative peak areas from each experiment were converted
to the corresponding percentages of the total peak areas. One
of the reviewers correctly pointed out that there may be errors
in quantitation owing to the lack of proportionality between
peak areas and concentrations as obtained by GC/MS. However,
the results do identify the various volatile compounds involved
and provide a starting point for future investigations involving
Pistacia species. Data analyses (means, counts and graphing) were
performed with Microsoft Excel software (Redmond, WA, USA).

RESULTS AND DISCUSSION

The ex situ collection and analysis of the fruits and leaves and
female and male cultivars from seven Pistacia species provided a
total of 50 volatiles ranging from major to minor amounts. Table 1
shows the results of the analysis of the seven cultivars for leaves
only and allows for the comparison of female and male volatile
emissions. At first glance the most noticeable result is the relatively
larger presence of monoterpenes, generally in the calculated DB-1
Rl range 930-1077 (Table 1), compared with the relatively sparse
number of volatiles made up of GLVs, sesquiterpenes, aromatics,
esters and related compounds. This observation is of particular
interest when compared with the volatile emission profiles of
almonds, which along with pistachios are the primary host plants
of the insect pest NOW.

For ex situ almond emissions'® the number of monoterpenes
to sesquiterpenes is nearly equal, albeit both in relatively low
number of occurrences. For in situ almond volatile analyses'* the
number of monoterpenes is lower and is vastly outnumbered
by sesquiterpenes 7:1. Compare this relative ratio with the
current ex situ pistachio volatile study and the total occurrences
of 19 monoterpenes to 14 sesquiterpenes; however, for the
species listed in Table 1, the comparative total amounts are ca
18:1 monoterpenes to sesquiterpenes, based on the integration
of relative peak areas. These estimated differences between
terpenoid emissions from pistachios appear to be mirrored in
the diverse number of reports regarding the EO content of
various Pistacia species.5'>7-20 However, ongoing research of
the actual ambient volatile emission patterns and differences
between pistachio and almond may soon provide researchers
with more evidence of the native volatile bouquets that insect
pests are encountering during host finding.

Sesquiterpenes from leaves

Analysis of the data in Table 1 for sesquiterpenes gave the
following numbers (total relative percentage of sesquiterpenes
to total number of occurrences of sesquiterpenes) for the top five
sesquiterpene-producing plants, in descending percentage order:
female P. terebinthus, 19.1:9; female P. lentiscus, 17.6:14; male
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P. chinensis, 8.6 : 4; male P. terebinthus, 6.7 : 4; female P. palaestina,
5.1:5. The top three sesquiterpenes produced over the series
(both female and male) were B-caryophyllene, germacrene D and
(E, E)-a-farnesene, in that order. Interestingly, the male P. chinensis
leaves were primarily comprised of B-caryophyllene and did not
contain any of the other two noted common sesquiterpenes. This
result is consistent with a report on EOs of P. chinensis from five
locales in China; however, in that report the major sesquiterpene
noted is caryophyllene - distinguished from S-caryophyllene by a
different RI.'® The female leaves of P. lentiscus and P. terebinthus
exhibited a relatively large occurrence of sesquiterpenes overall;
both had the top three sesquiterpenes in comparatively modest
amounts, and both with the females possessing a larger number
of sesquiterpenes than their male counterparts-14 to 3 for
P. lentiscus and 9 to 4 for P. terebinthus. A study of EOs of P. lentiscus
from different origins in Italy corroborates the relatively large
amounts of B-caryophyllene and germacrene D; however, the
major amount between the two sesquiterpenes was dependent
on geograpbhical origin.'®

Monoterpenes from leaves

Next, attention is given to the remaining volatile components from
leaves (Table 1)and comparison of the differences between species
and male and female leaves. The top two major components
for P. atlantica female leaves are (E)-B-ocimene followed by
sabinene, and for male leaves are (E)-B-ocimene followed by
(E)-4,8-dimethyl-1,3,5-nonatriene and a-pinene essentially tied for
distant second. These major components are surprising given the
detailed report on P. atlantica male and female leaves collected
from Algiers,'” which showed that the top two components from
female leaves were A3-carene with a-terpinyl acetate in distant
second, and for male leaves were an «-pinene/a-thujene mix as top
monoterpene followed by spathulenol. It is not known whether
the chemical composition disparities are due to geographical
differences or method of volatile collection (essential oil versus ex
situ); however, the results from a study of female and male leaves
from Greece?' show different major volatiles from P. atlantica than
those noted above. This is suggestive of geography playing an
important role in ex situ volatile emissions, though not conclusive.

The cultivar P. chinensis provided the top two monoterpenes
(2)-ocimene and (E)-B-ocimene in relatively large amounts from
the female, and S-myrcene and A3-carene from the male. This
is in contrast to the EOs reported from P. chinensis grown in
different locales in China,'® which showed (2)-ocimene as the
main constituent for one location but other varying major volatiles
for the other locales: camphene, a-pinene, B-phellandrene and
B-pinene.

Comparisons of P. lentiscus female and male leaf emissions show
both with diverse volatile production. The female leaves have more
sesquiterpenes than the male leaves and near equal monoterpene
occurrences; however, the male produced significantly more of its
main component, limonene, than the female’s sabinene. There are
reports of the EO from P. lentiscus grown in Greece?? and ltaly'®
that showed similarities, with «-pinene, f-myrcene and terpinen-
4-ol as the main components, depending on the time of season.
These volatiles are for the female, though, and thus dissimilar to
the findings of the main ex situ volatiles of the same species grown
in California.

Limonene was the main ex situ constituent for both male and
female P. palaestina leaves, in contrast to the EO content of
P. palaestina leaves and fruits grown in Jordan,® which showed the
main constituents a-pinene in leaves and (E)-8-ocimene in fruits.

The monoterpene volatile emission from P. terebinthus was
very similar between female and male leaves, with the main
constituents being (E)-B-ocimene as the highest emission,
and both emitting a total of 12 monoterpenes. The biggest
difference between female and male was in relative amounts
of B-myrcene - female 10.3% and male 35.7%. A report on the EO
from leaves of P. terebinthus grown in Turkey shows terpinen-4-ol
as the main monoterpene.®

Perhaps the best opportunity for direct comparison of ex situ
volatile emission with that of EO content from the same species,
P.vera cv. Kerman, and grown in the same region, the Sacramento
Valley of California, is with a recent study by Dragull etal.’> on
female fruits, peduncles and leaves. The main EO constituents
for leaves were limonene, in concurrence with the present ex
situ leaf emissions, followed by «-terpinolene and «-pinene,
which was not corroborated by the present ex situ study that
showed (E)-B-ocimene in a strong second and «-terpinolene in
a distant third. This comparison suggests a difference does exist
between collection methods and that EO content is not directly
related to monoterpene emission. However, as noted earlier, a
conclusive assessment would be better addressed by comparison
of EO content with actual ambient volatile emission of a pistachio
orchard. The ex situ emission for male leaves was vastly different
when compared with its female counterpart, with «a-terpinolene
as the major component followed by A3-carene as the number
two emission and limonene as the number three emission. The
most notable absence in the P. vera cv. Kerman leaf emissions is
that of sesquiterpenes from the female. The male leaves did show
a very minor amount of aromadendrene.

Finally, the ex situ volatile collection from P. weimannifolia
appears to be the first report on this species. Most notable
is the high concurrence of volatile emission between female
and male leaves. The only difference is the female leaves
showing the three main sesquiterpenes, discussed earlier in the
section above, whereas the male counterpart does not emit any
sesquiterpenes. Both the female and male emitted «-phellandrene
in the highest amount followed by limonene, 8-phellandrene and
(E)-B-ocimene - but in differing order of amounts emitted.

Table 2 provides a quick synopsis of the sum of the major
volatiles emitted by female and male leaves and is sorted
by both emission total relative percentages and number of
occurrences of the volatiles. Figure 1 shows the chemical structures
of corresponding major volatiles. An interesting result was the
number of volatiles that occur in the leaves of all seven species
and in both female and male: «-pinene, S-myrcene, limonene,
(Z2)-ocimene, (E)-B-ocimene and (E)-4,8-dimethyl-1,3,7-nonatriene.
The volatiles limonene and (E)-B-ocimene were the most common
to both female and male. A remarkable result of Table 2 was
the disparity of the overall emission of some of the volatiles.
For instance, (2)-B-ocimene and sabinene were in relatively
high abundance for the female leaves but low for male leaves.
In contrast, the A3-carene content in female leaves was low
compared with a relatively higher amount in the male leaves
There were seven out of 14 major volatiles that were consistent
(occurring in all seven species) in female, and eight out of 14
consistent volatiles in male.

Volatiles from female P. vera cultivar leaves

To determine the differences between cultivars of a single
species, the analysis of ex situ volatile emissions of leaves
from various female P. vera cultivars was performed. The major
volatiles are shown in Table 3 and the ‘Kerman’ emissions are
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Table 2. Sum of major volatile amounts and occurrences from female (F) and male (M) leaves®
Sorted by female volatiles Sorted by male volatiles
Totals Occurrences Totals Occurrences

Identity F M F M Identity F M F M
Limonene 156.5 132.7 7 7 Limonene 156.5 132.7 7 7
(E)-B-Ocimene 155.6 102.5 7 7 B-Myrcene 37.3 115.5 7 7
(2)-Ocimene 53.1 8.7 7 7 (E)-B-Ocimene 155.6 102.5 7 7
Sabinene 47.6 6.1 5 4 a-Terpinolene 16.5 76.5 7 6
a-Phellandrene 47.6 49.4 3 7 a-Phellandrene 47.6 49.4 3 7
B-Myrcene 373 115.5 7 7 a-Pinene 28.1 46.7 7 7
B-Phellandrene 326 35.1 6 7 B-Phellandrene 326 35.1 6 7
a-Pinene 28.1 46.7 7 7 A3-Carene 6.7 28.3 3 3
(E)-4,8-Dimethyl-1,3,7-nonatriene 18.5 13.7 7 7 B-Caryophyllene 10.2 20.8 4 4
Germacrene D 18.5 9.9 5 3 (E)-4,8-Dimethyl-1,3,7-nonatriene 18.5 13.7 7 7
a-Terpinolene 16.5 76.5 7 6 B-Pinene 11.4 13.0 4 6
B-Pinene 11.4 13.0 4 6 Germacrene D 18.5 9.9 5 3
B-Caryophyllene 10.2 20.8 4 4 (2)-Ocimene 53.1 8.7 7 7
A3-Carene 6.7 283 3 3 Sabinene 476 61 5 4

@ Volatile amounts are the sum of the total relative percentages and occurrences are out of seven plants; data correspond to material in Table 1.

Table 3. Major volatiles emitted from leaves of female Pistacia vera cultivars and male pollinator ‘Peters’

P. vera cultivars
# Identity Bronte® Damghan Il n Kerman Ohadi PetersP
1 «-Pinene 3.8 4.8
7 A3-Carene 6.8 5.7 20 2.0 6.6
8 B-Myrcene 4.2¢ 2.0 6.6 2.0
10 a-Terpinene 5.6 23 3.1
1 Limonene 9.5 41 541 726 536 288 45
12 B-Phellandrene 4.2
13 (2)-Ocimene 2.9
14 y-Terpinene 2.2
15 (E)-B-Ocimene 24 36.1 279 5.7 29.8 343 144
17 a-Terpinolene 55.7 37.2 6.4 4.5 5.7 11.5 473
33 Aromadendrene 25
34 Methyl benzoate 37 5.8 14.1 47

otherwise, values are average of DB-1 and DB-Wax injections.
b DB-Wax only.
€ Unable to resolve compounds 8 and 9.

@Values are percentage of total relative peak areas for each run; only peaks >2% of total relative peak area are included; highest relative amount of
volatile emitted per cultivar is shown in bold; two bold values in a column can be considered as nearly equal (not statistically proven); unless noted

shown for comparison. All cultivars analysed did not show
any major sesquiterpene emission; however, there was the
presence of methyl benzoate in four of the seven cultivars
analysed. Methyl benzoate, a common volatile of numerous
plants,?> has demonstrated semiochemical behaviour and has
been investigated as a minor component of a mixture of host
plant volatiles that elicit a response from the oriental fruit moth
(Lepidoptera).2* Surprisingly, ‘'Kerman’ shows the least number of
monoterpenes, but it is similar to the P. vera cultivars Il and llI
in the major components emitted. The P. vera cultivars Bronte
and Damghan, female leaves, and P. vera cv. Kerman, male leaves,
are the only plants in the present study to emit a-terpinolene as
the major component. a-Terpinolene, which is often listed among

the top components of EO compositions in the genus, has been
reported as the major EO component in a study of P. vera fruits.?

Volatiles from fruits

Finally, Table 4 provides some insight into the ex situ volatile
emissions of whole fruits from six Pistacia species. The most
notable result is the similarity of the major constituent emitted
by the six P. vera cultivars, P. palaestina and P. terebinthus,
namely limonene. This phenomenon will be discussed in greater
detail momentarily. It should be noted that «-phellandrene
is essentially equal in amount to limonene in P. terebinthus.
a-Phellandrene is structurally similar (Fig.1) to limonene and
also shares the same biosynthetic pathway (Fig. 2) as limonene.
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Table 4. Exsitu volatile emission of fruits from Pistacia species and Pistacia vera cultivars®
P. vera cultivars

# Identity P.atlantica P.chinensis P.lentiscus® P.palaestina P terebinthus || Il Kaleh® Kerman Momtaz¢ Ohadi
1 «-Pinene 4.5 1.4 5.5 8.3 2.8 3.0 3.6
2 «-Thujene 2.2 100 133 11.2 54 13.1 233
4  B-Pinene 2.0 8.1
5 Sabinene 46.1 585 6.4 53
7  A3-Carene 40.2
8 p-Myrcene 304 20.8 26.9 9.6 27 207 36 1969 25 3.74 39
9 «-Phellandrene 6.6 11.4 175
11 Limonene 5.7 5.6 3.8 69.5 17.8 618 685 603 67.0 67.3 539
12 B-Phellandrene 37 4.7 3.1 13.8
15 (E)-B-Ocimene 3.7 2.7 2.2 13.5
17 «-Terpinolene 9.5 3.7 54 89 11.6 10.8 153
18 (E)-4,8-Dimethyl-1,3,7- 13

nonatriene
21 «-Cubebene 3.1
24 «-Ylangene 0.9
26 p-Cubebene 2.1
27 Linalool 75 44
28 Bornyl acetate 33 2.5 1.8 2.0 2.2
30 p-Caryophyllene 6.2 13
35 Unidentified 0.9

sesquiterpene
39 «-Terpinyl 0.9

acetate/ledene
40 Germacrene D 2.1 6.4
44 Bicyclogermacrene 3.1
@ Values are percentage of total relative peak areas for each run; only peaks >0.5% of largest peak are included; highest relative amount of volatile
emitted is shown in bold; two bold values in a column can be considered as nearly equal (not statistically proven); unless noted otherwise, values are
average of DB-1 and DB-Wax injections.
b DB-1 only.
¢ DB-Wax only.
d Unable to resolve compounds 8 and 9.

The fruits of P.terebinthus demonstrated the most diverse and
abundant volatile emission, with ten monoterpenes and eight
sesquiterpenes in amounts greater than 2%. The female leaves
of P. terebinthus (Table 1) also showed high diversity in volatile
emission, but not to the extent of relatively major amounts of
sesquiterpenes. Additionally, the female leaves of P. lentiscus
(Table 1) showed the highest diversity, albeit low amounts,
whereas the fruits of P. lentiscus emitted a relatively low number
of volatile components and no sesquiterpenes.

Both P. atlantica and P. lentiscus produced sabinene as the major
volatile. Only one investigation of the EO content of buds from
male P. atlantica reported sabinene as the major constituent;?'
another study lists sabinene as being ‘almost constant’, albeit not
in major amounts, in P. lentiscus aerial parts.”

The major constituent A3-carene in fruits of P. chinensis is an
interesting result. The study of the leaves of P. chinensis by Zhu
etal.'® reported A3-carene as a minor to trace EO component in
the plants studied, while two separate reports on P. atlanticaleaves
from Algeria®'” give contrasting results for A3-carene amounts. In
one investigation® the authors report A3-carene as being present
in only trace EO amounts in the locations sampled, and in a second
investigation'” the same authors report A3-carene as the major
EO constituent in the female leaves from several seasonal samples
of P. atlantica. The present study showed P. atlantica leaves, both

male and female, as having no detectable A3-carene in the ex situ
volatile analysis (Table 1).

Volatile variability

The diverse nature of EO variability of Pistacia has been
investigated by several research groups. Castola et al.?® surveyed
105 P. lentiscus plants for their chemical variability and identified
three distinct groups based on the major essential oils, namely
terpinen-4-ol/a-pinene, limonene and myrcene. Another key
study on P. lentiscus performed by Barra etal.'® recognised the
fluctuation of the biosynthetic a-terpenyl-cation intermediate and
the plant’s ability to produce varying EO major constituents based
on the seasonal stage of P. lentiscus.

This chemical variability exhibited by the numerous Pistacia
species EO studies brings into question whether the major ex
situ volatiles can be applied to chemotaxonomic investigation,
and thus the inclusion of Fig. 2, which displays several possible
routes for the common monoterpenoid carbocation intermediate
A.The goal of this paper is not to provide any definitive conclusions
regarding chemotypes and/or chemotaxonomy but rather to show
that the results do warrant further investigation for chemotype
classification. For instance, the data in Table 4 display some very
interesting trends in terms of major volatile constituents from
fruits of the various Pistacia species and/or cultivars. Most notable
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Figure 1. Chemical structures of 14 major volatile components from leaves of female and male Pistacia species grown in California. The numbers under

the compounds correspond to the numbers in the first column of Table 1.
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Figure 2. Biosynthetic carbocation precursors of major volatile monoter-
penes from Pistacia species.

is the consistent emission of limonene, whose production utilises
the path of intermediate A to intermediate E in Fig.2, from
the P. vera cultivars as well as P. palaestina and P. terebinthus.
Several literature reports of phylogenetic analyses were consulted
and an investigation by AL-Saghir?’ revealed some very close
associations of Pistacia species morphological data with the major

volatiles noted in Table 4. Most notable was that the plants with
high limonene emissions, P. palaestina, P. terebinthus and P. vera,
were very closely related within branches of the morphological
data generated for several trees in the report. The other major
compounds, sabinene and A3-carene, were not as closely related
to the morphological data as limonene but did show a possible
correlation of intermediate H with sabinene on one branch, with a
branch split that would give intermediate D to A3-carene (Fig. 2).
Similar application of the leaf emissions to the phylogeny trees
generated by AL-Saghir?’ also showed some potential correlations
for limonene (intermediate E) as well as (2)-ocimene and (E)-8-
ocimene (intermediate B), some of the major ex situ volatiles from
leaves.

These data suggest that a dendogram based on monoterpene
chemotypes,?® potentially those listed in Table 2, and monoter-
pene synthases?® could provide an insight into the genetic
differences, and more importantly the possible volatile emissions,
of the many Pistacia species and cultivars grown in California and
central/western Asia.

CONCLUSION

The ex situ volatile analysis of the fruits and male and female
leaves of several Pistacia species and cultivars provided a broad
overview of the diverse and rich composition of monoterpene,
sesquiterpene, aromatic and green leaf volatiles. The relatively
large number of Pistacia species allowed not only several
comparisons to be performed between ex situ volatile samplings,
but also for comparison of the emission patterns and relative
quantities with the reported EO contents of associated species.
Alhough the comparison of ex situ emission with EO content did
show some corroboration, the relative quantities, particularly the
major amounts detected, displayed a large degree of disparity.
Ambientvolatile analyses of pistachio orchards are currently under
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way and will help to determine if the differences in terpenoid
emissions are geographical in nature or a function of the method
used. The major volatile components detected in the analyses
provide insight into the chemotaxonomy of Pistacia and highlight
the need for further investigation into this area of research. The
volatiles listed in Table 2 could possibly be used as chemotypes
for Pistacia species grown in California.
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